The dermal extracellular matrix (ECM) comprises the bulk of skin and confers strength and resiliency. In young skin, fibroblasts produce and adhere to the dermal ECM, which is composed primarily of type I collagen fibrils. Adherence allows fibroblasts to spread and exert mechanical force on the surrounding ECM. In this state, fibroblasts display a Byouthful^phenotype characterized by maintenance of the composition and structural organization of the dermal ECM. During aging, fibroblast-ECM interactions become disrupted due to fragmentation of collagen fibrils. This disruption causes loss of fibroblast spreading and mechanical force, which inextricably lead to an Baged^phenotype; fibroblasts synthesize less ECM proteins and more matrix-degrading metalloproteinases. This imbalance of ECM homeostasis further drives collagen fibril fragmentation in a self-perpetuating cycle. This article summarizes age-related changes in the dermal ECM and the mechanisms by which these changes alter the interplay between fibroblasts and their extracellular matrix microenvironment that drive the aging process in human skin.
Introduction
Skin, like all organs in the human body, undergoes sequential and often cumulative alterations with the passage of time. Uniquely, the Baged^phenotype of skin may be accelerated by environmental factors, most notably, chronic exposure to ultraviolet (UV) irradiation from the sun and, therefore, is not a singular consequence that inevitably ensues during chronological aging (Rittié and Fisher 2015) . Clinically, the aged phenotype of skin may be described as wrinkled, sagging, and generally less elastic and resilient than its youthful counterpart, although variations within this phenotype exist between natural, chronological aging and sun-induced premature aging, or photoaging. Chronologically aged skin, for example, is characteristically thin, dry, and finely wrinkled, while photoaged skin is typically leathery and lax with coarse wrinkles and uneven pigmentation (Sjerobabski-Masnec and Situm 2010) . BBroken^-appearing blood vessels (telangiectasia) and brown spots (lentigines) subsequent to repeated exposure to UV irradiation may also be present (Sjerobabski-Masnec and Situm 2010) . Unsurprisingly, the origin of such cosmetic alterations lies at the molecular level. Histological examination of the extracellular matrix (ECM) environment of aged skin reveals aberrant changes from that of young skin. Dermal thinning is observed, and elastin fibers, which are thin and single-stranded in young skin, become progressively beaded and lacking in the terminal fibers that extend into the epidermis (Montagna and Carlisle 1979) . Similarly, type I collagen, the most abundant structural protein in skin, undergoes organizational and structural changes during the aging process that reduce its overall strength. Namely, collagen fibrils in aged skin display high levels of degradation and fragmentation and are replenished by dermal fibroblasts at diminishing rates (Mitchell 1967; Lovell et al. 1987; Rittié and Fisher 2002) . These changes in collagen fibers with respect to aging can be visualized in Fig. 1 . Furthermore, hydrophilic ECM biomolecules including the non-sulfated glycoseaminoglycan (GAG), hyaluronic acid, may be present in lower quantities, while the proteoglycans (PGs), decorin and versican, show a reduction in the molecular size of their polysaccharide chains (Carrino et al. 2011; Lee et al. 2016) . Although the mechanical integrity imparted to the ECM by elastin, collagen, and hydrophilic biomolecules may seem immediately apparent, their role in mediating biological processes is acknowledged but not fully understood. Specifically, within the ECM, collagen is known to provide tensile strength and resistance to plastic deformation; elastin affords extensibility and reversible recoil such that tissues may tolerate repetitive mechanical insults (Gosline et al. 2002) . PGs and GAGs sequester water molecules that dampen mechanical forces, thereby cushioning tissues under compression (Culav et al. 1999) . As these forces are perceived by the ECM, they are communicated to cells via transmembrane surface adhesion receptors, or integrins, that connect with the intracellular actin cytoskeleton (Wang and Ingber 1994) , (Burridge and Chrzanowska-Wodnicka 1996) , and, in doing so, allow the ECM to elegantly direct a variety of cellular processes including differentiation, proliferation, adhesion, migration, and apoptosis (Ridley et al. 2003; Kim et al. 2011) . However, as the skin ages and the ECM begins to manifest the aforementioned deleterious effects, Fig. 1 Fragmentation of collagen fibrils within dermis of aged or photoaged skin causes collapse of fibroblasts. a Transmission electron micrograph of fibroblast (colored pink for clarity) within dermis of sunprotected skin from young adult. Note extended cytoplasm (X) close proximity to abundant collagen fibrils (arrows) (nucleus (N), original magnification ×2000). b Transmission electron micrograph of fibroblast (colored pink for clarity) within dermis of photodamaged skin. Note collapse of cytoplasm inward toward nucleus (N) and lack of adjacent collagen fibrils (asterisks) (original magnification ×2000). c Scanning electron micrograph of collagen fibrils in young adult skin. Note densely packed long fibrils, without apparent fragmentation (original magnification ×10,000). d Scanning electron micrograph of collagen fibrils in photodamaged human skin. Note large gaps and numerous fragmented fibrils (original magnification ×8000). Inset shows higher magnification of fragmented ends of fibrils (arrows) (original magnification ×12,500). Reprinted with permission from Fisher et al. Arch Dermatol. 2008; 144(5):666-672. https://doi.org/10.1001/ archderm.144.5.666 communication lines between the matrix and the fibroblast population responsible for maintaining tissue homoeostasis are impaired. Additionally, pro-inflammatory mediators bound to the intact ECM are released, protected stem cell niches are compromised, and an age-associated cellular phenotype is induced, all of which feed into a viscous cycle of further matrix destruction and fibroblast apoptosis.
This article will discuss the molecular pathways leading to collagen degradation secondary to UV irradiation and chronological aging of skin. We will further highlight the consequences that these changes to the ECM microenvironment have on fibroblast and stem cell populations housed within the dermis. Lastly, we will comment on the systemic implications of prolonged exposure to the assortment of growth factors, proteases, cytokines, and chemokines that ensue with cellular aging of dermal fibroblasts.
Dermal extracellular matrix structural protein changes with age
The dermis of human skin is composed of two distinct regions, the upper, loosely constructed papillary dermis, and the lower, densely compacted reticular dermis. Although the border between the two regions is indiscriminant, their elastin and collagen compositions and organizations make them histologically distinct. As illustrated in Fig. 2 , mature collagen molecules are composed of three intertwining α chains, each characterized by the distinctive amino acid triplet repeat Gly-X-Y, where Gly is glycine and X and Y may be any residue, but are most frequently proline and hydroxyproline, respectively, and flanked by two non-collagenous segments, or telopeptides (Exposito et al. 2010) . While the spacing of Gly at every third repeat position is responsible for establishing the signature triple helical structure of collagen, the amino acid variability at the X and Y positions, in addition to the frequency and length of non-collagenous domains, are responsible for determining the specific type of collagen (28 of which have been identified in vertebrates to date) (Heino 2007) . Type III collagen, for example, is a homotrimer of α1(III) chains supercoiled around one another in a relatively low diameter fibril and constitutes 20% of the total collagen concentration in human skin, most of which is localized the mesh-like papillary dermis (Meigel et al. 1977) . The remaining 80% of dermal collagen is type I, a heterotrimer molecule composed of two α1(I) chains and one α2(I) chain, which adopt an antiparallel fibril arrangement in the reticular dermis to produce dense fibers (~90 nm in diameter) displaying longitudinal periodic banding with a frequency of approximately 67 nm (Braun-Falco and Rupec 1964), (Fang et al. 2012) .
Post-translational modifications of type I collagen include enzyme-mediated intracellular conversion of varying fractions of the lysine (Lys) residues within the α1(I) and α2(I) chains to hydroxylysine (Hyl) via lysyl hydroxylase and extracellular conversion of Lys and Hyl into aldehydes (Lys ald or Hyl ald ) via lysyl oxidase (LOX) (Tanzer 1973) . These enzyme-mediated modifications are illustrated in Fig. 3 . Following secretion of procollagen and its conversion to mature collagen by proteolytic removal of the N-and C-terminal propeptides, the LOXdirected conversion of Lys/Hyl into Lys ald /Hyl ald enables spontaneous, non-reducible inter-and intra-peptide crosslinking that stabilizes dermal collagen and confers resistance to proteolytic cleavage (Herchenhan et al. 2015) . LOX is similarly vital in generating crosslinks that prevent excessive elasticity and facilitate matrix deposition within elastin fibers (Liu et al. 2004 ). Primary elastin sequences (i.e., tropoelastin, the protein form secreted by fibroblasts) contains the requisite Lys residues (K) for crosslink formation within KA-(AAKAAKA) or KP-(PGAGVKPGKGP) type domains that display an alternating pattern with hydrophobic domains rich in glycine, proline, valine, and alanine (Brownaugsburger et al. 1995) . The spontaneous reaction between Lys/Hyl and an aldehyde-modified variant, Lys ald /Hyl ald , into an irreversible crosslink domain, lysinonorleucine, is shown in Fig. 4 .
The overarching theme in dermal aging is disruption of the balance between degradation and formation of the ECM support structures, collagen and elastin, leading to accumulation of crosslink fragments, loss of dermal elasticity, and impaired dermal fibroblast function. Under normal conditions, elastin displays a very low rate of turnover; the protein structures laid down during fetal development must sustain up to thousands of millions of cycles of stretch and recoil over a lifetime, making them an easy target to accumulate age-related damage (Rosenbloom et al. 1993; Pasquali-Ronchetti and BaccaraniContri 1997) . Similarly, the turnover of collagen is relatively infrequent; on average, the estimated half-life of mature, crosslinked collagen is 15 years in human skin (Verzijl et al. 2000) . However, the wound response triggers rapid collagen degradation by matrix metalloproteases (MMPs) to allow migration of immune cells into the dermal compartment (Pilcher et al. 1997; Nissinen and Kahari 2015) . This degradation of collagen during the early phase of the wound response is followed by induction of new collagen synthesis by fibroblasts to restore lost collagen in the dermal ECM.
Oxidative stress promotes dermal aging
In contrast to the wound healing response, exposure to solar UV irradiation indirectly initiates keratinocyte and fibroblast synthesis of MMPs without subsequent upregulation of new collagen production, thereby resulting in net collagen loss and ECM fragmentation (Evans et al. 2004; Quan et al. 2013a ). Induction of MMPs by UV irradiation is mediated by photochemical reactions that convert absorption of UV energy by cellular macromolecules into reactive oxygen species (ROS), Regardless of the source, ROS accumulation has deleterious effects on the dermal ECM. Indeed, the oxidants inactivate protein tyrosine phosphatases (PTPs), allowing net phosphorylation of receptor tyrosine kinases (RTKs) and activation of downstream signaling pathways, including 3 families of mitogen activated protein kinases (MAPKs), namely, ERK (extracellular signal-regulated kinase), p38, and JNK (c-Jun N-terminal kinase) (Rittié and Fisher 2002) . These MAPKs are essential for the expression of c-Fos and c-Jun, which associate to form transcription factor activator protein 1 (AP-1). AP-1 plays a critical role in transcriptional upregulation of MMP1, MMP3, and MMP9, (Kim et al. 2010 ) and overexpression of these MMPs leads to increased fragmentation of the dermal ECM. Specifically, MMP-1 initiates cleavage of type I and type III collagen fibrils at a specific location within their central triple helix, and, once cleaved, the fibrils are further degraded by MMP-3 and MMP-9 (Fisher et al. 1996; Brennan et al. 2003) . Oxidant exposure also induces CCN1 (cysteine-rich protein 61) in dermal fibroblasts through AP-1 dependent activation of the CCN1 gene promoter (Qin et al. 2014) . CCN1 has been shown to up-regulate MMP-1 via interaction with α V β 3 integrin, and thereby contributes to aberrant dermal collagen homeostasis in human skin (Qin et al. 2013 ). These ROS-directed signaling pathways are illustraded in Fig. 5 .
In addition to activating MMPs via the MAPK pathway, UV irradiation induces transcription of tumor necrosis factor (TNF)-α, a pleiotropic cytokine that upregulates cellular production of MMP-1 and MMP-3 and has been shown to increase collagen degradation in human skin (Bashir et al. 2009; Ågren et al. 2015) . Moreover, formation of AP-1 by the MAPK pathway induces Smad7, which inhibits phosphorylation of Smad2/3 by transforming growth factor (TGF)-β type 1 receptor, thereby blocking TGF-β signaling and inhibiting collagen production by dermal fibroblasts (Quan et al. 2005) . Lastly, chronic exposure to UV irradiation has been linked with upregulation of granzyme B (GzmB), a serine protease that cleaves decorin. Since decorin binds collagen in the same region as the MMP-1 cleavage site, its presence affords collagen protection against protease degradation (Geng et al. 2006) , as illustrated in GzmB knockout mice, which display significantly reduced wrinkle formation following long-term exposure to UVA irradiation (Parkinson et al. 2015) . When GzmB is overexpressed, less decorin is available to shield collagen from protease cleavage, giving MMP-1 open access to fragment the crosslinked collagen fibrils.
Dermal cellular changes with age
The collective impact of ECM degradation in aged skin is a shift in fibroblast morphology from flattened, spread, and making contact with numerous intact collagen fibers to collapsed with little cytoplasm and lacking direct association with the surrounding fragmented collagen fibrils Varani et al. 2006) . Indeed, network connectivity and cell surface area are reduced by 80% and 75%, respectively, in fibroblasts located within age-associated dermal microenvironments (AADMs) (Varani et al. 2006) . The nature of collagen crosslink formation also undergoes age-associated remodeling as the proportion of LOX-derived crosslinks decreases relative to the number of glycation-mediated crosslinks in a process whereby sugar, most notably glucose, is inserted between collagen molecules in lieu of direct coupling of amino acid side chains on adjacent proteins (Szauter et al. 2005; Gautieri et al. 2017) . Formation of these intermolecular collagen-sugar-collagen crosslinks is harmful on two accords. On a macromolecular scale, they increase tissue stiffness, and on the molecular scale, they reduce the capacity of collagen for binding hyaluronic acid and GAGs such as decorin (Reihsner et al. 2000; Ahmed et al. 2017) . Secondary to these deleterious effects in network structure, and thus cell-ECM connectivity, fibroblast within the AADM undergo alterations in their secretory protein profile that establish a positive feedback loop that promotes further ECM degradation. Specifically, in vivo analysis has shown that fibroblast within an AADM express significantly higher levels of endogenous oxidants, proteases, and CCNs and lower levels of pro-collagen and hyaluronic acid than fibroblasts in young skin (Longas et al. 1986; Griffiths et al. 1993; Talwar et al. 1995; Fisher et al. 2009; Quan et al. 2011a ). Interestingly, the Baged^phenotype can be derived in young fibroblasts (i.e., those harvested from young skin and undergoing ≤10 passages) through serial passages of the cells to the point of replicative senescence or by culturing the cells in a three-dimensional network composed of fragmented collagen (Longas et al. 1986; Griffiths et al. 1993; Talwar et al. 1995; Fisher et al. 2009; Quan et al. 2011a; Quan et al. 2012) . In each scenario, MMP-1 levels were significantly elevated, and in the case of replicative senescence, knockdown of CCN1 partially restored collagen homeostasis (Quan et al. 2012 ).
CCN proteins in human skin aging
CCN1 is an ECM-associated matricellular protein and one of the six members of the CCN family, a group of functionally distinct proteins that share a similar predicted modular secondary structure (Bork 1993; Chen and Lau 2009) The overall impact of time and UV irradiation on dermal fibroblasts is upregulation of MMPs, resulting in collagen degradation and concomitant downregulation of collagen synthesis. ROS (reactive oxygen species), PTP (protein tyrosine phosphatases), RTK (receptor tyrosine kinase), Grb2 (growth factor receptor-bound protein 2), Sos1 (son of sevenless homolog 1), MAPK (mitogen activated protein kinase), AP-1 (activated protein 1), CCN1 (cysteine-rich protein 61), MMP (matrix metalloprotease), TNF-α (tumor necrosis factor alpha), GzmB (granzyme B), TGF-β (transforming growth factor beta) (CCN4), Wnt-induced secreted protein-2 (CCN5), and Wnt-induced secreted protein-3 (CCN6) constitute the remaining five members (Lau and Lam 1999; Leask and Abraham 2003; Perbal 2004) . Importantly, CCN proteins have been shown to regulate a diverse range of cellular functions from migration, proliferation, differentiation, and apoptosis to angio-and chondrogenesis, synthesis of ECM proteins, cell-matrix interactions, and cell adhesion (Leask and Abraham 2006) . CCN1, like all members of the CCN family, is composed of an N-terminal secretion signal peptide followed by 4 conserved structural domains: the insulin-like growth factor binding protein (IGFBP) domain, the von Willebrand factor type C (VWC) domain, the thrombospondin type 1 (TSP1) domain, and the C-terminal (CT) domain that contains a cysteine knot (Bork 1993) .
Evaluation of the molecular mechanisms surrounding CCN1 induction of MMP-1 expression in dermal fibroblasts has indicated that the N-terminal domains (IGFBP, VWC, and TSP1) interact with α V β 3 integrins in a concerted manner; removal of any one of these modular domains renders the protein incapable of upregulating MMP-1, but the CT domain is functionally dispensable (Qin et al. 2013) . Additionally, ECM-CCN1 interaction may be a further requirement for functional activity, since signal peptide-deleted, non-secreted CCN1 did not affect MMP-1 expression (Qin et al. 2013) . As mentioned previously, fibroblasts within an AADM, as well as those passaged to replicative senescence display elevated levels of CCN1, a finding that is correlated with significant reduction in type I collagen production, elevated levels of MMP-1, and increased collagen lattice fragmentation (Quan et al. 2012) . Further investigation into the role of CCN1 in collagen dysregulation has revealed that CCN1 down regulates the TGF-β type II receptor and induces the AP-1 transcription factor, resulting in impaired fibroblast responsiveness to TGF-β signaling and upregulation of MMP-1, respectively (Quan et al. 2006) . Since TGF-β signaling is the major driver for production of collagen and other ECM proteins by dermal fibroblasts, its inhibition constitutes a multipronged assault on ECM homeostasis (Quan et al. 2006) . Moreover, CCN2, a key downstream effector of the TGF-β pathway is significantly reduced in aged skin (Quan et al. 2010 ). ROS have also been shown to downregulate CCN2, as well as CCN4 and CCN 5, but their functional roles in aged dermis have yet to be determined (Qin et al. 2014 ).
The dermal matrisome
The information discussed above points to the novel perspective that alterations to the dermal ECM composition and organization are a major driving force for human skin aging. Recently, the term Bmatrisome^has been coined to describe the group of heterogeneous ECM components and ECMassociated proteins Hynes and Naba 2012) . Specifically, the matrisome is composed of two large groups, the core matrisome and the matrisome-associated proteins (Naba et al. 2016 ). The core matrisome may further be divided into 3 subcategories, collagens (the most abundant proteins), proteoglycans, and ECM glycoproteins, which includes the CCN family of proteins. Matrisome-associated proteins are composed of ECM-bound secreted factors such as TGF-β and cytokines, in addition to the ECM regulators, MMPs and AADMs. Therefore, the biology of human skin aging can be viewed largely as a disorder of the dermal matrisome. Our current knowledge of the impact of aging on the human skin matrisome is very limited; comprehensive understanding of age-related changes in human skin matrisomal proteins, and mechanisms that bring about these alterations, will likely yield important, novel insights into the molecular basis of skin aging and age-related skin diseases.
Outlook: Dermal ECM deterioration and decline of health during aging An emerging body of evidence suggests that the Bagedp henotype of dermal fibroblasts is a consequence not of their cellular age but of lost connections with the ECM stemming from years of gradual breakdown by MMPs, which is driven by oxidative metabolism and accelerated by oxidative assaults stemming from solar UV irradiation. Central to this hypothesis is the observed ability of fibroblasts harvested from individuals ≥80 years of age to retain their capacity for functional activation. Specifically, injection of space-filling, crosslinked hyaluronic acid into aged skin markedly improves fibroblast spreading with concomitant upregulation of the TGF-β/CCN2 pathway leading to increased collagen production, which evolves into dense bundles of mature collagen with characteristic D-spacing (Quan et al. 2013b) . Furthermore, topical treatment with retinol, a metabolite of Vitamin A, increases collagen production and decreases MMP-1 expression in human aged skin (Griffiths et al. 1993; Varani et al. 2000; Quan et al. 2011b) .
The phenotypic, cellular, and biochemical alterations linked to fragmentation and disorganization of the dermal ECM may have repercussions well beyond those of cosmetic alterations to the skin. For example, age-associated degradation of dermal crosslinked collagen and elastin, manifests in the skin as fragility and reduced capacity for wound healing (Vandekerkhof et al. 1994) . Stability of the ECM modulates the availability of many bioactive molecules bound within. As crosslinked collagen molecules are fragmented, larger quantities of pro-inflammatory mediators may be released. In addition, loss of contact with the dermal ECM due to its fragmentation induces production of pro-inflammatory mediators and MMPs by fibroblasts. This self-perpetuating cycle produces increasingly larger quantities of bioactive molecules that, upon ECM degradation, have the ability to enter circulation for transport throughout the body (Quan et al. 2006; Qin et al. 2014) . Given that the surface area of skin is the largest of any organ in humans, potential serum transport of these bioactive molecules raises the intriguing possibility that deleterious agerelated alterations in the dermal ECM may contribute to systemic aging. Indeed, a recent report provides evidence in support of a role of age-related decline of skin barrier function in systemic aging in mice (Hu et al. 2017) .
Future research should strive to determine the systemic pathological consequences of dermal aging and explore the possibility that preventative or therapeutic interventions that target dermal structural integrity may not only improve skin appearance but also general health during aging.
